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Abstract 
The location of the Azores Archipelago in the North Atlantic makes this group of islands 
an excellent setting to study the long-term behavior of large oceanic and atmospheric 
climate dynamic patterns, such as the Atlantic Multidecadal Oscillation (AMO) and the 
North Atlantic Oscillation (NAO). Here, we present the impacts of these patterns on Lake 
Empadadas (Azores Archipelago) from the Medieval Climate Anomaly (MCA) - Little Ice 
Age (LIA) transition to the present based on sedimentological, geochemical and biological 
characterizations of the sedimentary record. Multivariate analyses of a number of proxies 
including X-ray fluorescence (XRF), X-ray diffraction (XRD), total organic and inorganic 
carbon (TOC and TIC) and diatom life forms abundance reveal that the sedimentary infill 
evolution has been controlled by (i) fluctuations in the lake level and (ii) variations in 
organic matter accumulation. Both processes are governed by climate variability and 
modulated by anthropogenic activities associated with changes on the lake catchment. 
Changes in these two sedimentary processes have been used to infer five stages: (i) the 
MCA-LIA transition (ca. 1350-1450 AD) was characterized by a predominantly positive 
AMO phase, which led to intermediate lake levels and high organic matter concentration; 
(ii) the first half of the LIA (ca. 1450 - 1600 AD) was characterized by predominant 
lowstand conditions and intermediate organic matter deposition mainly related to negative 
AMO phases; (iii) the second half of the LIA (ca. 1600 - 1850 AD) was characterized by 
negative AMO and NAO phases, implying intermediate lake levels and high organic 
matter deposition; (iv) the Industrial era (ca. 1850 – 1980 AD) was characterized by the 
lowest lake level and organic matter accumulation associated with negative AMO phases; 
and (v) the period spanning between 1980 AD and the present reveals the highest lake 
levels and low organic matter deposition, being associated with very positive AMO 
conditions. At decadal-to-centennial scales, the influence of the AMO on Azorean climate 
plays a larger role than previously thought. In fact, the AMO appears to exert a stronger 
influence compared to the NAO, which is the main mode of climate variability at shorter 
time scales.  
 
 
 
 
 
 
 
Keywords: Climate modes; Paleoclimatology; Paleolimnology; Oceanic Islands; Last 
millennium 
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1.- Introduction 
Small and remote islands are very sensitive and vulnerable to environmental 
changes, and their limited area and resources can complicate adaptation policies (IPCC, 
2014; Nurse et al. 2014). Thus, there is a growing interest in predicting the environmental 
consequences of ongoing and future global changes in areas of land surrounded by large 
water masses. With few exceptions (e.g., Cropper and Hanna, 2014; Hernández et al., 
2016), the instrumental climate records from remote islands are limited to the 20th century; 
therefore, it is necessary to extend climatic reconstructions using paleoclimatic proxy data 
to i) establish the background conditions before the current global change, ii) investigate 
previous periods characterized by notable climatic shifts attributable to natural forcing and 
widespread human activities, and iii) comprehend the environmental impacts of these 
climate changes. Despite the fact that small oceanic islands are exceptional locations to 
study the impacts of large oceanic and atmospheric climate patterns, only a few high-
resolution terrestrial paleoenvironmental records from these islands exist (e.g., Björck et 
al., 2006; Conroy et al 2008; Margalef et al., 2013). Consequently, appropriate high-
resolution paleoarchives are required to improve the understanding of recent climate 
variability and its impacts (PAGES 2K Consortium, 2013; Jones et al., 2009)  
Three main climate periods within the last millennium have been clearly identified: 
the Medieval Climate Anomaly (MCA; ca. 800 – 1400 AD), the Little Ice Age (LIA; ca. 
1400 – 1800 AD) and the Industrial era (ca. 1850 AD-Present). There is a general 
consensus defining the MCA and Industrial era as warm periods and the LIA as a cooler 
period (Mann et al., 2009). Several works have focused on the main driving mechanisms 
behind these anomalies and their transitions. The main mechanisms driving the climate 
cooling during the LIA have been linked to two major external forcing factors, solar 
activity and volcanism. The cooling has primarily been attributed to the decrease of 
incident solar radiation on the Earth's surface (Shindell et al., 2001; Solanski et al., 2004; 
Vaquero and Trigo, 2015) and to stronger volcanic activity (Bradley and Jones, 1992; 
Fischer et al., 2007). The effect of these external forcings was probably amplified by 
responses from the oceanic component of the climate system, particularly by the slowdown 
of the North Atlantic thermohaline circulation (Broecker, 2000). Overall, these 
assessments point to the previous natural external forcings that resulted in a prolonged 
reinforcement of ocean-atmosphere positive feedback mechanisms (Trouet et al., 2012). 
New promising studies highlight the relevance of atmospheric patterns affecting the 
climate conditions over the North Atlantic sector during these periods (e.g., Moffa-Sánchez 
et al. 2014; Sánchez-López et al. 2016)  
The climate variability in the North Atlantic sector is influenced by a number of 
large-scale patterns or modes of climate variability (e.g., Marshall et al., 2001; Trigo et al., 
2004), which affect the environment and society in multiple ways (e.g., Ottersen et al. 
2001; Jerez and Trigo, 2013). The North Atlantic Oscillation (NAO) is the leading mode of 
atmospheric circulation variability over this region, and it is defined as the atmospheric 
pressure difference between the Icelandic Low and the Azores High (e.g., Hurrell, 1995; 
Hurrell et al., 2003). In addition to the NAO, the Atlantic Multidecadal Oscillation (AMO; 
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Mann et al., 2009) is another mode of natural variability in this area. The AMO has been 
identified as a coherent pattern of oscillatory changes in North Atlantic sea-surface 
temperatures at multidecadal time scales (e.g., Sutton and Hodson, 2005; Mann et al., 
2009). In the Azores Archipelago, both the NAO and the AMO have recently been 
recognized as the main large-scale patterns that exert a discernible influence on the climate 
regime of the Azores Archipelago at interannual time scales (Hernández et al., 2016). 
These modes can affect and control different mechanisms (i.e., tropical cyclones, 
convection, thunderstorms, frontal passages, sea surface temperature anomalies and jet 
streams) that bring moisture responsible for several phenomena (e.g., Kossin et al., 2010). 
However, their combined influence on these islands at different time scales remains 
unclear beyond the instrumental period.  
Here, we present new insights into the environmental evolution of Lake Empadadas 
(Azores Archipelago) since ca. 1350 AD by means of a high-resolution multi-proxy study 
of its sedimentary sequence. Sedimentological, biological and geochemical data are 
employed to reconstruct fluctuations in the water level, the organic matter (OM) 
accumulation and the changes in the vegetation covering the catchment. We seek to 
disentangle the combined influences of the NAO and AMO on the studied lake system 
during the last centuries. To the best of our knowledge, this study is the first to assess the 
impact of decadal-to-centennial climate variability on a lake that takes into account these 
two major North Atlantic climate modes  
2.- Study site 
The Azores Archipelago (37°- 40° N, 25°- 31° W) comprises nine islands and 
several islets in the North Atlantic Ocean (Fig. 1A). These islands are of volcanic origin, 
having risen along sea-floor fracture zones as the Eurasian, African and North American 
tectonic plates rifted apart (Azevedo and Ferreira, 2006). At the western part of São Miguel 
Island, Lake Empadadas Norte (37º49’ N - 25º45’ W) occupies the bottom of a small crater 
that is 740 m above sea level (Fig. 1B). Its maximum length and width are 250 m and 85 
m, respectively, and its maximum water depth is 5.3 m. The total area of the lake is 0.02 
km2, its total water volume is 3.7x104 m3, and the total area of the catchment is 0.10 km2 
(Porteiro, 2000). The lake is polymictic with a pH ranging between 6.24 and 7.62, very low 
conductivity (16.7 – 33.9 μS cm-1) and low mineralization (22.5 – 36.7 mg l-1), and its 
chemistry is dominated by Na+ and Cl- (Cruz et al., 2006; Pereira et al., 2014).  
The Sete Cidades volcanic complex, in which Lake Empadadas is located (Fig. 1), 
was formed by a basaltic injection into a trachytic magma chamber approximately 210,000 
yr BP (Moore, 1991). Three major phases of volcanic activity occurred: i) pre-caldera, ii) 
caldera consolidation and iii) post-caldera. The last period featured a sequence of explosive 
eruptions producing trachytic volcaniclastic deposits and pyroclastic flows that led to the 
collapse of the caldera (Moore, 1991). The oldest eruption was dated to 210,000±8000 yr 
BP, whereas the youngest eruption (P17) was dated to 663±105 yr BP (Shotton and 
Williams, 1971) and 500±100 yr BP (Moore and Rubin, 1991). After this date, only 
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volcaniclastic deposits from historic eruptions of other volcanic complexes (e.g., Furnas 
and Fogo) are found in the Sete Cidades area (Madeira, 2007).  
The climate in the Azores Archipelago is temperate oceanic and characterized by 
mild temperatures with small annual variations, a rainfall regime that displays a strong 
seasonal cycle and large interannual variability, high relative air humidity, generally 
cloudy skies, and frequent strong winds (Hernández et al., 2016). The climatic conditions 
are determined by the strength and position of the Azores Current (a branch of the Gulf 
Stream) and the semi-permanent high-pressure Azores Anticyclone (Volkov and Fu, 2010). 
Between September and March, if the high-pressure center is dissipated or displaced, the 
Azores region is frequently crossed by the North Atlantic storm-track, the main path of 
rain-producing weather systems. Conversely, during late spring and summer, the Azores 
climate is mainly dominated by the Azores Anticyclone (Santos et al., 2004). A large 
fraction of the seasonal and interannual climate variability observed in the Azores 
Archipelago has been ascribed to the NAO influence (Andrade et al., 2008; Cropper and 
Hanna, 2014; Hernández et al., 2016). However, when the NAO influence becomes 
weaker, the effects of other large-scale modes appear to increase, highlighting the non-
stationary influences of these modes on Azorean climate (Hernández et al., 2016). In 
particular, at decadal and longer time scales the AMO is also a relevant mode of natural 
variability in this area (Yamamoto and Palter, 2016). Temperature is positively correlated 
with both the NAO and AMO, whereas precipitation is negatively correlated with the NAO 
and positively correlated with the AMO (Mann et al., 2009; Cropper and Hanna, 2014; 
Hernández et al., 2016).  
3.- Materials and methods 
In September 2011, five sediment cores (up to 2.7 m long) were retrieved from 
Lake Empadadas using an UWITEC® piston corer installed in an UWITEC® platform raft. 
All cores were split longitudinally into two halves and imaged with a high-resolution color 
line scan camera. This study focused on the longest and best preserved core (EMN11-04) 
retrieved from the offshore zone of the lake (Figs. 1 and 2). Sedimentary facies were 
defined and characterized by visual recognition assisted by microscopic smear slide 
observations every cm and the results of geochemical and mineralogical analyses.  
The age model was constructed using the concentration profile of 210Pb coupled 
with 14C dating of terrestrial plant macroremains. The well-known date of the last volcanic 
eruption was also used as a tie point. 210Pb was measured in the uppermost 40 cm of the 
core. These analyses were conducted at the Environmental Radioactivity Laboratory of the 
Universitat Autònoma de Barcelona. Sedimentation rates were determined using the 
Constant Flux:Constant Sedimentation (CF:CS) model (Robbins, 1978). Concentrations of 
210Pb were determined through the analysis of its granddaughter 210Po by alpha-
spectroscopy, assuming secular equilibrium of both radionuclides at the time of analysis 
(Sánchez-Cabeza et al. 1998). A known amount of 209Po was added to each sample as 
internal tracer. Samples were acid digested using an analytical microwave, solutions were 
conditioned in HCl 1N and polonium isotopes were plated onto silver discs. Alpha 
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emissions were measured using Passivated Implanted Planar Silicon (PIPS) detectors 
(CANBERRA, Mod. PD-450 18 A M) and the activities quantified after corrections for 
background and reagent blanks. Supported 210Pb concentrations were determined by 
averaging the total 210Pb concentrations at the base of the 210Pb profile, verified with some 
measurements of 226Ra concentrations along the core carried out by gamma-spectroscopy 
using a high-purity germanium detector (CANBERRA, mod. GCW3523). AMS 14C dates 
of four samples were obtained by Beta Analytic Inc. Laboratory (USA) (Table 1). The 
radiocarbon ages were calibrated to calendar years (cal AD) using the CALIB 7 1 software 
(Stuiver and Reimer, 1993) and the INTCAL13 curve (Reimer et al., 2013), selecting the 
median of the 95.4 % distribution (2σ probability interval) (Table 1). Finally, the EMN11-
04 age-depth model (Fig. 3), including the 210Pb-derived and 14C-derived ages, was 
constructed using the mixed effect regression method (Heegaard et al., 2005). For this 
purpose, the uppermost and lowermost 210Pb-derived ages were converted to radiocarbon 
dates. Once the age-depth model was constructed, the ages of the samples were converted 
to AD ages  
The best preserved half of each section of the studied core was analyzed using X-
ray fluorescence (XRF) with the AVAATECH XRF II core scanner at the Universitat de 
Barcelona (Spain). The XRF measurements were performed every 2 mm where the 
material was well preserved (i.e., from top to bottom: 0-24 cm, 118.5-148.5 cm, 167.5-213 
cm and 218-237.5 cm). Among the thirty-two chemical elements tested for, only 9 
elements (Al, Si, K, Ca, Ti, Mn, Fe, Sr and Zr) had sufficient intensity (counts per second) 
to be considered statistically significant  
For mineralogical analyses, the core was sampled every cm in the following 
intervals: 0 to 33 cm, 58 to 62 cm, 87.5 to 100.5 cm, 114.5 to 162.5 cm, and 165.5 to 237.5 
cm. Samples in between these ranges were not considered because they were not of 
lacustrine origin. All the samples were dried at 60 °C for 48 h and were manually ground 
using an agate mill. Mineralogical analyses were conducted using X-ray diffraction (XRD) 
with a SIEMENS-D500 automatic X-ray diffractometer (Cu-Kα, 40 kV, and 30 mA) and a 
graphite monochromator at the Institute of Earth Sciences Jaume Almera (ICTJA-CSIC, 
Spain). The XRD patterns revealed that the samples were composed of two fractions: a 
crystalline fraction (highlighted by different peaks) and an amorphous fraction 
(characterized by the presence of a broad peak centered at 20 - 25º 2θ). The identification 
and quantification of the relative abundances of the different mineralogical species present 
in the crystalline fraction were conducted following the standard procedure based on the 
matrix-flushing theory (Chung 1974 a, b). The amorphous fraction percentage was 
estimated by calculating the area of the broad 20 - 25º 2θ peak using the EVA software 
installed on the X-ray diffractometer and diagrams for quantification using smear slide 
observations (Terry and Chillingar, 1955; Kienel et al., 2005)  
The samples for XRD analysis were also employed for total carbon (TC) and total 
nitrogen (TN) analyses (relative standard deviation = 0.05). These analyses were carried 
out using a Finnigan delta Plus EA-CF-IRMS spectrometer at the laboratories of the 
Centres Científics i Tecnològics of the Universitat de Barcelona. The carbonate content 
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was below the detection limit of the X-ray diffractometer, and consequently, the TC was 
considered equal to the total organic carbon (TOC). The TOC/TN atomic ratio was also 
calculated for all the samples. The fluxes of TOC into the sediments were estimated as 
mass accumulation rates (MARs) by multiplying the TOC concentration by the sediment 
dry density and sedimentation rate at each depth.  
The statistical treatment of the data was performed using R software (R 
Development Core Team, 2015). As stated before, and since the XRF data was originally 
at 2 mm resolution, they were calculated with a regular spacing of 10 mm using the R 
function 'approxTime' to obtain the same spatial resolution to conduct the statistical 
analyses for all proxies. The environmental stages were identified by means of 
stratigraphically constrained cluster analysis (CONISS) and the statistically significant 
stages were selected using the broken-stick model (Bennett, 1996). Principal Component 
Analysis (PCA) and Redundancy Data Analysis (RDA) were performed after standardizing 
and resampling the dataset with a regular spacing of one cm and omitting rows with 
missing values. RDA was performed to identify the provenances of the XRF-determined 
elements and the OM. The mineralogical composition of the sediments was used as a 
constraining matrix, given that each mineralogical species represents a “compendium” of 
geochemical elements (Giralt et al., 2008). In turn, the PCA was employed to extract the 
main components of variability in the XRF and OM datasets. A dataset of 13 variables and 
117 samples was created to apply the PCA and RDA. Despite their non-lacustrine origin, 
four samples from tephra layers were included in the multivariate analysis as passive data 
points to help in the identification of the composition and origin of the amorphous fraction 
of the sediments.  
Instrumental records (1872-2012) of precipitation (Hernández et al., 2016) and 
temperature (Cropper and Hanna, 2014) were obtained from the Ponta Delgada Station 
(São Miguel Island, Azores Archipelago). The extended daily (1850 to present) station-
based NAO index by Cropper et al. (2015), as well as the AMO index from 1856 to the 
present from the NOAA (https://www.esrl.noaa.gov/psd/data/timeseries/AMO/)have been 
employed for the instrumental period.  
Spearman's rank correlation coefficients () and associated p-values were also 
applied to assess the impact of the large-scale modes of climate variability and the 
meteorological variables on the limnological variability for the instrumental period (1873-
2011) at the decadal scale according to the chronological model. The mean values of each 
instrumental variable during the years estimated to be included in each sediment sample, 
according to the available age model, were considered. No significant autocorrelation was 
observed for any variable. The datasets were also detrended and the subsequent spectral 
analyses did not reveal any significant periodicity (not shown). The Bonferroni correction 
was carried out to establish a significant threshold (Hochberg, 1988), and thus, unless 
otherwise stated, significance (p-value) is always discussed at p<0 01  
4.- Results and interpretations 
4.1.- Chronology 
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The concentration profile of 210Pb in the EMN11-04 core shows three distinct 
zones: 0 - 13 cm, 13 – 30 cm, and >30 cm. Based on the CF:CS model, the sedimentation 
rate is 2 ± 0 7 cm yr-1 in the first zone interval (0 – 13 cm) and 0 43 ± 0 04 cm yr-1 in the 
second interval (13 – 30 cm). The chronologies of these two intervals cover the period 
from 2011 to 1965 AD. The concentrations of 210Pb below 30 cm are compatible with the 
supported 210Pb because they are in equilibrium with the 226Ra values measured by gamma 
spectrometry in selected samples; thus, it is not possible to obtain reliable ages (Figure 1S 
Supplementary Material)  
The four AMS 14C dates from the EMN11-04 core are stratigraphically coherent 
and feature no reversals. Therefore, all the radiocarbon dates are included in the 
construction of the age-depth model (Figure 3 and Table 1). The lowest date (236 5 cm; 
630 ± 30 cal yr BP) almost corresponds with the bottom of the lacustrine sequence (238 5 
cm), and it overlies the tephras of Unit 1. As stated in the next section, Unit 1 most likely 
corresponds to the P17 volcanic eruption episode, making us suspect that 663±105 yr BP 
date (Shotton and Williams, 1971) is more likely than 500±10 yr BP (Moore and Rubin, 
1991). Moreover, similar AMS 14C date obtained in Lake Azul over P17 tephra Unit 
reinforced this hypothesis (Raposeiro et al., 2017; Rull et al. 2017).  
The age model was calculated without taking into account the thickness of intervals 
composed of non-lacustrine deposits (see the next section for further information) because 
they accumulated via instantaneous sedimentary processes (Figs. 2 and 3). Hence, 
according to the age model, core EMN11-04 spans from ca. 1350 AD to 2011 AD (Fig. 3 
and Table 1). The mean sedimentation rate is 0.2 mm yr-1 between core depths of 250 and 
160 cm, and it increases to a mean value of 0.6 mm yr-1 from 160 cm to the top of the 
record.  
4.2.- Sedimentary units and facies description  
The following five sedimentary units composed of six lacustrine facies have been 
defined based on textural, biological, geochemical and mineralogical features of the 
sediments in the EMN11-04 core.  
4.2.1.- Unit 1 (bottom to 239 cm depth; ca. 1350 AD)  
Unit 1 contains gray to white volcaniclastic deposits composed of coarse lapilli 
material interbedded with layers of fine ash particles (Facies T) with scarce biological 
elements (e.g., diatoms, chironomids, macrophytes). The layers dip to a certain degree. The 
presence of rare lacustrine flora indicates that the volcanic material accumulated directly in 
the lake by fallout transport. Taking into account the age of the overlaying sediments, the 
volcanic deposits of this unit likely correspond to the P17 volcanic eruption (Queiroz et al., 
2008)  
4.2.2.- Unit 2 (239 to 214 cm depth; ca. 1350 to 1450 AD) 
The sediments in Unit 2 were deposited unconformably on top of Unit 1. Unit 2 is 
composed of massive dark-brown organic-rich lacustrine muddy sediments with 
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macrophyte remains and dispersed sand grains (Facies A). Smear slide observations 
revealed a dominance of tychoplanktonic diatoms belonging to colonial genera of 
Fragilaria s l. group, a high concentration of chironomid head capsules, and some 
phytoliths. This unit displays the highest percentages of TOC, TN and TOC MARs of the 
record (Fig. 4). The TOC/TN atomic ratio oscillates between 12 and 23. The observed 
presence of rare terrigenous materials (only significant amounts of coarse particles) 
corresponds with the low XRF signal of this facies (Fig. 5). The XRD analyses indicate a 
significant amorphous fraction (~80 % of the total) composed of a mixture of biogenic 
silica, OM and, to a lesser extent, volcanic glass. The mineral crystalline fraction is mainly 
composed of sanidine and plagioclase and secondarily by quartz and illite. This unit 
presents the highest quartz content of the entire record, with mean values around ~15 % of 
the crystalline fraction  
In offshore zones of small lakes, organic-rich mud with plant remains and a 
dominance of tychoplanktonic diatoms usually corresponds to deposits accumulated in 
shallow perennial water table conditions (Kingsbury et al., 2012). Moreover, the high 
TOC/TN ratios indicate that the high amounts of accumulated OM originated by the 
development of abundant macrophytes and external inputs (Figure 2S Supplementary 
Material).  
4.2.3.- Unit 3 (214 to 166 cm depth; ca. 1450 to 1850 AD)  
Unit 3 is mainly composed of banded brown mud and silt (Facies B). Diatoms and 
chironomid head capsules are less abundant than in Unit 2, whereas this unit is richer in 
phytoliths and fine/altered terrigenous particles. The diatom assemblage is dominated by 
benthic life forms, mainly Cymbella s l. taxa, particularly in the lower part of the unit, 
indicating low lake levels (Figure 2S Supplementary Material). This unit shows lower 
values of %TOC, TOC MARs and %TN than Unit 2 (Fig. 4). It also shows a lower 
TOC/TN ratio (Fig. 4), with values of approximately 13, most likely due to the lower 
abundance of macrophytes. The higher illite and lower quartz contents in this unit might be 
related to the erosion of soils formed on volcanic rocks during lake lowstand conditions, 
resulting in the transport of only clay particles to the center of the lake. The estimated 
amorphous fraction represents approximately 80 % of the total sample and is dominated by 
a very high proportion of volcanic glass, as indicated by both the smear slides and the high 
XRF values (Fig. 5). The main components of the crystalline fraction are sanidine and 
plagioclase  
The upper part of this unit (195-166 cm depth; ca. 1600 to 1850 AD) recorded an 
increase in tychoplanktonic diatoms (Fragilaria s l ; Fig. 4). Higher quartz and lower illite 
contents were also observed (Fig. 5), possibly due to intensified runoff that might have 
triggered a lake level rise and the flooding of previously exposed areas along the lake 
margin. In turn, smaller amounts of amorphous materials but higher TOC and TN contents 
and slightly lower TOC/TN values than those between 214 cm and 195 cm (Fig. 4) indicate 
the greater accumulation of OM with an algal origin.  
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Additionally, two fine-grained tephra layers corresponding to ash flow deposits 
(Facies T) were identified between the muddy and silty sediments (Facies B) of this unit 
(Fig. 2). These tephra deposits likely correspond to secondary volcanic episodes from the 
historic eruptions of the Furnas (1439/44 AD) and Fogo (1563 AD) volcanic complexes 
(Madeira, 2007). Between 165 and 150 cm core depth, a disorganized and non-erosive 
gravel interval interrupted the lacustrine sedimentation (Fig. 2). The sedimentological 
features (i.e., high textural heterogeneity, absence of matrix and biological remains, and 
non-erosive contacts) and the date of the deposition (ca. 1850 AD) suggest an 
anthropogenic origin probably related to human activities in the lake catchment (Moreira, 
1987; Rull et al., 2017)  
4.2.4.- Unit 4 (150 to 114 cm depth; ca. 1850 to 1980 AD)  
Unit 4 is composed of bands of dark- to pale-brown silts (Facies C) interbedded 
with a sand layer (Facies S). The band thickness of Facies C varies between 1 and 5 cm. 
Chironomid head capsules and diatom contents are the lowest of the whole record, with a 
dominance of benthic diatoms (mainly genera belonging to Cymbella s.l. and Pinnularia 
s.l.), suggesting very shallow lake levels and a non-perennial water table (Fig. 6). The TOC 
and TN values are fairly constant and are also the lowest of the whole record (Fig. 4). The 
TOC MARs and the TOC/TN values are low but are similar to those of Unit 3, indicating a 
predominantly aquatic algal origin of the scarce accumulated OM (Fig. 4). The estimated 
amorphous fraction is lower (<80 %) than in facies A and B. This facies is mainly made up 
of tephra particles (high XRF values), especially in the dark bands, which display higher 
XRF values than the pale bands (Fig. 5). The crystalline fraction is dominated by illite, 
with sanidine and plagioclase as secondary components, whereas the quartz fraction is the 
lowest of the entire record. This high content of volcanic glass and illite supports the 
interpreted lowstand conditions with the input of soil particles that formed on the 
unflooded lake margins and were transported to the center of the lake. It is worth noting 
that the pale bands are richer in diatoms, whereas the dark ones are richer in OM and 
coarse particles  
Facies S, represented by a single ~2-cm-thick layer, consists of coarse sand 
embedded in a matrix of medium sand and silt. Grains of quartz, plagioclase, clay minerals 
and tephra are the dominant components, and they are similar to those of the organic 
facies. In this layer, the mineral content is much higher than the OM, and the diatom valve 
concentration is very low. The diatom assemblage is mainly composed of benthic diatoms, 
with Cymbella s l. being the dominant group. These sedimentary features might indicate an 
extraordinary flood event that occurred at approximately 1890 AD  
From 115 to 33 cm core depth, a disorganized gravel layer lies between lacustrine 
sediments and shows no signs of erosion (Fig. 2). Again, the sedimentological features 
(i.e., high textural heterogeneity, absence of matrix and biological remains, and non-
erosive contacts) and the age of these deposits (1950 AD) suggest a clear anthropogenic 
influence in the formation of this layer, i.e., debris from management works on the littoral 
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zone of the lake around this date in order to retain more water (Official Forest Services of 
São Miguel; Nemésio pers. comm ).  
Facies S, again represented by a single layer (~1 cm thick) at 29 cm core depth, 
consists of coarse sand embedded in a matrix of medium sand and silt. Again, this layer 
might represent an extraordinary flood event that occurred at approximately 1970 AD  
4.2.5.- Unit 5 (24 cm to top; ca. 1980 AD to Present) 
Unit 5 is composed of massive brown to ochre mud very rich in diatoms dominated 
by tychoplanktonic Fragilarioid taxa (Facies D). These fine sediments are interbedded with 
a thin layer of coarse sand (Facies S). Figure 4 shows that the TOC and TN values of 
Facies D are higher than those of Facies C but lower than those of Facies A and B. 
However, the TOC MARs are very high, with values similar to those of Facies A. In 
contrast, the TOC/TN atomic ratio values are the lowest of the sequence, indicating a 
dominantly algal origin. The amorphous fraction content is also higher than in the other 
facies (>80 %). It is primarily composed of diatoms and, to a lesser extent, OM and 
volcanic glass particles. Consequently, this unit presents the lowest mean XRF values of 
the entire record (Fig. 5). The crystalline fraction is dominated by illite, sanidine and 
plagioclase, whereas quartz values remain low. The most recent decades of the Lake 
Empadadas sedimentary record are likely associated with the highest lake levels (Figure 2S 
Supplementary Material) and lacustrine productivity of the last six centuries, as indicated 
by the highest TOC MAR values and the presence of very abundant diatoms (mainly 
belonging to Fragilaria s.l.).  
4.3.- Main controls of lacustrine sedimentation  
Multivariate analyses of the biogeochemical composition of the sediments (i.e., 
XRF, XRD and OM data) have been performed to recognize the main climatic and 
geologic controls on lacustrine sedimentation in Lake Empadadas. One of the major 
problems for this kind of analyses lies in the fact that, in lakes located in volcanic settings, 
amorphous material can be linked to OM, biogenic silica and/or volcanic glass particles. 
To overcome this obstacle in Lake Empadadas, the interpretations have been supported by 
data on the diatom assemblages found in the different facies  
The RDA biplot shows three main groups of variables (Fig. 6A): Group A includes 
data from organic-rich Facies A samples, which are associated with quartz, sanidine and 
plagioclase. Group B encompasses the amorphous fraction and is mostly related to diatom-
rich samples of Facies D. Group C includes K, Mn, Zr, Fe and Si, which are primarily 
linked to illite, and consists of samples from silty-terrigenous Facies C, volcanic Facies Ta 
and some of the muddy-silty Facies B. Ca, Sr, Ti and Al are located in the center of the 
biplot among most of the samples from Facies B  
The first two eigenvectors of the PCA account for 82.6 % of the total variance. The 
first eigenvector (PC1) represents 61.2 % of the total variance and is mainly controlled by 
all the XRF elements at the negative end and, to a much lesser extent, by TOC and TN at 
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the positive end (Fig. 6B). The negative values of PC1 are associated with all the chemical 
elements—particularly Al, Si, Zr, Fe and K—that, in the RDA, are partially positively 
related to illite (group C) and negatively to the amorphous materials (group B). Analyses 
show that there is a strong positive relationship between PC1 and Facies D (Fragilarioid 
diatom-rich) in the PCA, and this facies is related to the amorphous material in the RDA. 
These data suggest that the origin of the amorphous material in the sedimentary facies of 
Lake Empadadas is biogenic silica and not the volcanic glass particles, as in the case of 
volcaniclastic Facies T. Additionally, tychoplanktonic Fragilarioid diatoms (Facies D) are 
usually characteristic of moderately deep lake conditions, whereas benthic forms, such as 
the Cymbella- and Pinnularia-dominated assemblages (Facies C), are typical of near-shore 
environments (Kingsbury et al., 2012). Furthermore, Facies C (high illite content) and 
Facies D (low illite content) are on opposite sides of PC1. Thus, the association of higher 
illite content, lower biogenic silica content and Cymbella- and Pinnularia-dominated 
assemblages indicate lower lake levels, whereas the association of lower illite content, 
higher biogenic silica content and Fragilarioid diatoms indicate higher lake levels. 
Fluctuations in the lake level mainly reflect changes in precipitation and evaporation 
integrated over the lakes and their basin catchments. Thus, these fluctuations may 
constitute a sensitive indicator of past and present climate changes, at least at local and 
regional scales (Verschuren et al., 2000; Mercier et al., 2002).  
The second eigenvector (PC2) accounts for 21 3 % of the total variance and is 
mainly associated with the TOC and TN concentrations and, to a much lesser extent, with 
Ti and Ca. In the RDA, TOC and TN belong to group A, which is associated with coarser 
grain-size minerals, mainly quartz, whereas finer terrigenous materials (illite) are present at 
its positive end. The TOC and TN amounts are governed by the accumulation of biomass 
and the subsequent degree of degradation. Consequently, TOC and TN values integrate the 
different origins of OM, delivery routes, depositional processes, and degree of preservation 
(Meyers and Teranes, 2001). The burial of OM is frequently followed by a rapid loss of N 
(Cohen, 2003). However, the nearly parallel behaviors of both the TOC and TN records 
suggest negligible OM degradation (Fig. 4). Moreover, the origin of OM in the sediments 
can be characterized by the TOC/TN ratio compositions of algae and vascular plants. Fresh 
organic matter from phytoplankton has low TOC/TN, whereas vascular land plants have 
higher TOC/TN ratios (Meyers and Teranes, 2001). Thus, the relationship of this OM to 
external inputs from the lake catchment, as indicated by the TOC/TN ratio, as well as by 
the RDA that groups the TOC and TN with coarse siliciclastic minerals, suggests that the 
PC2 could be interpreted as an indicator of OM accumulation in the sediments from 
various sources of biogenic origin, autigenic or allochthonous from the catchment. In 
summary, positive PC2 values indicate greater OM accumulation from several sources and 
vice versa.  
4.4.- Climate and large-scale dynamical forcings 
Correlation coefficients among climate variables of the two most important modes 
of circulation in the Atlantic (as evaluated by Hernández et al., 2016) show that, at a 
decadal scale, the AMO’s influence over the Azores Archipelago’s precipitation and 
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temperature is considerably larger than the corresponding NAO impact (Table 2). For the 
instrumental period (1873-2011; N = 51), the AMO shows significant positive correlations 
with both temperature and precipitation (= 0.52 and = 0.44, respectively), whereas the 
NAO displays a significant negative correlation with precipitation (= 0.41) and a 
positive (but no significant) correlation with temperature. Therefore, at a decadal scale and 
conversely with the results obtained at a seasonal scale by Hernández et al. (2016), the 
AMO correlations with the precipitation are higher than those found with the NAO. Thus, 
despite the NAO influence over Azores climate at seasonal and interannual scales, only 
AMO exhibits significant statistical correlation at decadal scales with PC1 and PC2 of 
Lake Empadadas (= 0.43 and = 0.31, respectively; p-value < 0.05). This suggests a 
larger influence on the lake level and OM accumulation via climate variables at this longer 
time scale. Moreover, we can state that the local precipitation and temperature series are 
positively correlated (= 0.65). This is because the precipitation conditions on the Azores 
Archipelago are positively correlated with the sea surface temperatures around the 
Archipelago and, therefore, its mean air temperatures (Björck et al., 2006). Precipitation 
and temperature, in turn, are linked to both major atmospheric patterns of climate 
variability (i.e., NAO and AMO). Therefore, besides the human activities on the lacustrine 
catchment, these patterns represent the main driving factors influencing the 
paleoenvironmental evolution of Lake Empadadas. On one hand, positive (negative) scores 
of the PC1 are likely linked to high (low) lake levels and mostly high values of both 
temperature and precipitation. On the other hand, scores of the PC2 are likely associated 
with OM accumulation modulated by the in-lake primary productivity, the vegetal cover 
and the precipitation. Summarizing, PC1 is mainly regulated by temperature and 
precipitation, vegetation density and particle transportation and can be used as a broad 
indicator of the lake level, whereas PC2 is associated with the OM accumulation and 
controlled by diverse factors, with the climate and the land uses of the catchment being the 
most significant (Futter et al., 2008; Mattsson et al., 2015). In addition, both PCs are 
clearly influenced by the AMO via precipitation and temperature. By contrast, at this time 
scale (decadal), the NAO influence on the PCs is unclear  
5.- Discussion: Lake evolution and environmental impacts  
Sedimentological, micropaleontological and geochemical proxy data, as well as the 
multivariate analysis of these data in terms of origins, have been used to characterize the 
environmental history of Lake Empadadas recorded in Units 2 to 5. A stratigraphically 
constrained cluster of data (Figure 3S supplementary material) has allowed us to identify 
five main stages with environmental significance (Table 3). These stages have been 
compared to other regional records and the most likely associated forcing factors since ca. 
1350 AD  
5.1.- Stage 1 (ca. 1350-1450 AD): Intermediate lake levels under a wet and warm 
climate influenced by a positive AMO 
In Lake Empadadas, this stage is defined by positive PC1 values (intermediate lake 
levels) and the highest PC2 values (very high OM accumulation) (Fig. 7A and B) during 
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the deposition of Unit 2. This combination of intermediate lake levels and very high 
allochthonous OM deposition (high TOC/TN values) may correspond to wet and warm 
climate conditions during the earliest phases of the lake ontogeny, after major volcanic 
inputs occurred during the deposition of Unit 1.  
The Northern Hemisphere temperature reconstruction (Mann et al., 2009) shows 
that before the onset of the Industrial era, the highest temperatures of the last 1000 years 
occurred between 1300 AD and 1400 AD (Fig. 7C). Raposeiro et al. (2017) also reported 
that the latest stages of the warm and arid MCA favored the occurrence of some warmer 
chironomid taxa in the Lake Azul record (Fig. 7J). These warm conditions were also found 
elsewhere in southwestern Europe, such as the Ría de Vigo (Álvarez et al., 2005; Muñoz-
Sobrino et al., 2014) and Tagus prodelta (Rodrigues et al., 2009). Furthermore, Björck et al 
(2006) found a change from wet conditions to a drier state during the MCA-LIA transition 
on Pico Island (Fig. 1 and 7E). Similar wet conditions were reconstructed from sediments 
in western Iberian settings, such as the Ría de Vigo (Álvarez et al., 2005), the Tagus 
prodelta (Rodrigues et al., 2009) and the Alboran Sea (Nieto-Moreno et al., 2013). 
Previous proxy-based AMO and NAO reconstructions presented mainly positive AMO 
phases and alternating negative and positive NAO phases for these decades (Fig. 7G and 
H). Our record suggests that warm and wet conditions were caused by a dominant positive 
AMO phase  
5.2.- Stage 2 (ca 1450-1680 AD): Dry and cold climate with very shallow lake levels 
and negative AMO  
Stage 2 corresponds to sediments of the lower part of Unit 3, where PC1 displays 
lower values (lowstand conditions) and PC2 shows intermediate values (less OM 
deposition with a larger proportion of material with an in-lake origin compared to that of 
Stage 1). Thus, the onset of the LIA on São Miguel Island might be characterized by 
generally cold and dry conditions.  
During this stage, Rull et al. (2017) identified human disturbance manifested as 
local forest burning, cereal cultivation and possibly animal husbandry within the caldera of 
Sete Cidades, culminating with local deforestation. Arboreal pollen (Juniperus brevifolia) 
nearly disappeared from the Lake Azul record, indicating that native forests were no longer 
present in the area (Fig. 7I), as was also described in the chronicles of Gaspar Fructruoso 
(1522-1591) “Saudades da Terra” (Fructuoso, 1977). The dominance of non-arboreal 
pollen indicates that the vegetation within the neighboring Sete Cidades caldera (Fig. 1) 
was more open and dominated by native shrubs and grass meadows (Rull et al., 2017), 
suggesting a recognizable human disturbance of the region (Figures 2S Supplementary 
Material and 7I). In turn, the first water provision for human uses in this area is 
documented during the second half of this stage (1512 AD). Therefore, despite the 
uncertainty of Lake Empadadas basin as the source of this water (Fructuoso, 1977), it can 
be hypothesized that the lake level drop may have been amplified by these anthropogenic 
activities  
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The onset of the LIA is characterized by cold conditions elsewhere in the Northern 
Hemisphere (Fig. 7C), particularly over the eastern sector of the North Atlantic region 
(Álvarez et al., 2005; Rodrigues et al., 2009). Nevertheless, there are discrepancies in the 
interpretation of the past precipitation record. On Pico Island, Björck et al. (2006) defined 
this stage as a period of transition from dry to wet conditions with a drier LIA onset (Fig. 
7E), whereas other North Atlantic and Western Iberia records suggest wetter conditions 
than in the MCA-LIA transition (Rodrigues et al., 2009; Nieto-Moreno et al., 2013). 
During the LIA, low solar irradiance promoted the development of frequent and persistent 
atmospheric blocking events (Moffa-Sánchez et al., 2014). These conditions could have 
been the main cause of the greater aridity over the Azores Archipelago than over the 
Iberian Peninsula during this stage, suggesting a more heterogeneous humidity pattern in 
the North Atlantic area during the LIA onset (Sánchez-López et al., 2016)  
For this century the AMO is dominated by negative values, with a clear trend 
towards the minima of the entire record, whereas the NAO reconstruction mainly shows 
positive and neutral (NAO ≈ 0) phases, with the exception of negative conditions at ca. 
1600 AD coincident with the lowest AMO values (Fig. 7G and H). Nevertheless, a cold 
and dry climate scenario dominates the whole stage, exhibiting good agreement with the 
AMO curve pattern. Therefore, the sedimentary infill was dominated by the AMO 
conditions and likely enhanced and/or modulated by the NAO phase predominance when 
the influence of the AMO weakened (ca. 1450-1550 AD).  
5.3.- Stage 3 (ca. 1680-1850 AD): Wet and warm climate with intermediate lake levels 
with negative AMO and NAO phases 
In Lake Empadadas, the PC1 and PC2 exhibit increasingly positive trends, 
suggesting a lake level rise and higher OM accumulation throughout Unit 3 (Fig. 7A and 
B). The vegetation cover of the catchment remains similar to that of the previous stage. 
However, for the last decades of stage 3 (ca. 1800-1850 AD), the Lake Azul pollen record 
shows a distinct evolution, with the first appearances of pollen from introduced trees, such 
as Pinus pinaster and Cryptomeria japonica (Fig. 7I). This period is likely defined by 
warm and wet conditions, influenced by negative AMO and a predominantly negative 
NAO (Fig. 7G and H). The Lake Empadadas record seems to partly disagree with the 
previous AMO reconstruction (Fig. 7G) and to fit better with the negative NAO signal 
(Fig. 7H). This could be ascribed to the non-stationary relationship of the large scale 
modes and the climate variability, in this case when the AMO influence becomes weaker, 
the NAO other influences appear to increase  
The Northern Hemisphere temperature reconstruction (Fig. 7C) and the 
sedimentary records of the Atlantic margin of the Iberian Peninsula (Álvarez et al., 2005; 
Rodrigues et al., 2009; Muñoz-Sobrino et al., 2014) display a general increasing trend in 
temperatures during the second half of the LIA. In terms of humidity, the Alboran Sea 
recorded a wet-dry-wet pattern during this stage (Nieto-Moreno et al., 2013), whereas the 
Tagus prodelta sediments (Rodrigues et al., 2009) show a slight increasing trend in the 
precipitation conditions. In contrast, the precipitation reconstruction from Pico Island 
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(Lake Caveiro) shows the opposite pattern (Fig. 7E). In this case, it must be stressed that 
the Lake Caveiro record does not show the same good agreement with the NAO influence 
as shown during the MCA-LIA transition and the first half of the LIA. This disagreement 
was explained by the far-from-perfect precipitation-NAO relationship and its non-
stationary nature (Björck et al., 2006), which has been described as affecting the NAO-
precipitation regime since the 17th century (Pauling et al., 2006; Vicente-Serrano and 
López-Moreno, 2008). Nevertheless, Sánchez-López et al. (2016) suggested that over the 
Iberian Peninsula, the distinct regional impact of the climate modes on the meteorological 
variables could also be explained by the E-W swing of the Azores high-pressure system 
due to the interaction between the NAO and the East Atlantic pattern. Thus, the 
disagreement between Pico and São Miguel islands could be similar. However, it should 
also be acknowledged that the NAO pattern exhibits high interannual variability, which is 
difficult to identify at this resolution.  
5.4.- Stage 4 (ca. 1850-1980 AD): Dry and cold climate with the shallowest lake level 
influenced by a negative AMO  
Unlike in previous stages, measured meteorological observations (precipitation and 
temperature) and instrumental-based values of NAO and AMO indices are available for 
this stage. The temperature and precipitation values from Ponta Delgada meteorological 
station covariate with PC1 and PC2, respectively (Fig. 7A, B, D and F). PC1 shows 
negative values with a highly oscillating pattern, whereas PC2 experiences an abrupt 
decrease, with a fairly constant behavior throughout this stage. These patterns indicate 
colder and wetter conditions than during previous stages, similar to those found on Pico 
Island (Björck et al., 2006), meaning a dry and cold climate over the Azores Archipelago. 
In contrast, wet and warm climate patterns were interpreted from Iberian marine records 
(Álvarez et al., 2005; Rodrigues et al., 2009; Nieto-Moreno et al., 2013). The lake level 
displayed a decreasing trend during the first half of the deposition of Unit 4, with the 
lowest values taking place at approximately 1900 AD, coincident with the minimum 
precipitation for the entire ca. 150-yr-long instrumental record. Afterwards, the lake level 
rose during the second half of the stage (Unit 4). Oscillations in the lake level at the 
decadal scale also occurred. In contrast, the OM accumulation remained fairly constant 
throughout this stage, and the OM was mainly of algal origin (low TOC/TN values), 
probably because of the consolidated catchment reforestation by the introduction of Pinus 
pinaster and Cryptomeria japonica forests beginning at the end of the previous stage (Fig. 
7I). The influence of the increased forested catchment most likely buffered the runoff 
variations, and only the most-intense sandy flood episodes of the entire record were 
recorded. In addition to these favorable patterns for lowstand conditions, the population 
growth of the city of Ponta Delgada and its surroundings (Fig. 1B) put pressure on the 
water resources of São Miguel Island, and the demand for livestock increased (Dias, 1996). 
Water consumption might therefore have enhanced the lake level drop during the first 
decades of this stage.   
Negative AMO and positive NAO phases dominated the first half of the stage (ca. 
1850-1900 AD), resulting in decreases in both precipitation and temperature, which were 
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reflected in the Lake Empadadas sedimentary record. The period with the lowest 
precipitation recorded in Ponta Delgada was in the early 1900s, and it is clearly consistent 
with the Lake Empadadas reconstruction and with the significant negative decadal AMO 
values. Conversely, the second half of this stage (ca. 1900-1980 AD) experienced a shift 
toward positive AMO and negative NAO values, leading to higher values of precipitation 
and temperature (Fig. 7). The persistence of atmospheric blocking conditions between the 
Iberian Peninsula and the Azores Archipelago controlled by the NAO and East Atlantic 
pattern during these first decades of the Industrial era (Shabbar et al., 2001; Moffa-Sanchez 
et al., 2014), as well as the non-stationary interannual NAO influence (Hernández et al., 
2016), could again be the main cause of the dry and still cold climate over the Azores 
Archipelago and the wetter and warmer climate over the Iberian Peninsula.  
5.5.- Stage 5 (ca. 1980 AD-Present): Wet and very warm climate with the highest lake 
levels and very positive AMO  
This stage in Lake Empadadas, recorded in sediments of Unit 5, features the 
highest positive values of PC1 for the entire record, with the PC2 showing low values (Fig. 
7A and B). These data therefore indicate the highest lake levels in the studied period, quite 
similar to the current water depth (Fig. 1). This highstand was favored by the wet scenario 
recorded on São Miguel Island over the last few decades (Hernández et al., 2016), which 
was also accompanied by warmer conditions (Cropper and Hanna, 2014). These conditions 
are also reflected in the increase in warmer chironomid taxa indicators (e.g., Chironomus 
plumosus type) in Lake Azul for the same studied period (Fig. 7J). Wetter and warmer 
conditions also enhanced the OM accumulation in comparison with the previous stage 
(Unit 4), although these remained lower than before the reforestation of the catchment 
(Figures 2S Supplementary Material and 7B). Two extraordinary flood events, indicated by 
sand layers, occurred in approximately 1976 and 1985 AD. Nevertheless, the highest lake 
levels in the history of the lake were caused not only by climatic conditions but also by 
intense anthropogenic activity involving the construction of impermeable works in the 
littoral zone in 1995 AD by the water council services (SMAS)  
Warm and dry conditions have the most common pattern in Western Europe for the 
last few decades of the Industrial era (e.g., Nieto-Moreno et al., 2013). Nonetheless, some 
records (e.g., Rodrigues et al., 2009) suggest wetter conditions, similar to the lake records 
of the Azores (Björck et al., 2006). The predominance of the positive NAO phase (dry 
conditions) is counteracted by the high positive values of the AMO (wet conditions). 
Consequently, the amount and intensity of the precipitation has increased over São Miguel 
Island (Hernández et al., 2016) since the first half of the 20th century. It is worth stressing 
that the better correlation of the climate variables with the AMO rather than with the NAO 
suggests that, at decadal to centennial time scales, the AMO mode plays a predominant 
role, whereas the NAO only modulates the strength of the AMO impact. The previously 
suggested E-W seesaw of the Azores high-pressure system associated with to the 
relationship between the NAO and the East Atlantic pattern at interannual time scales 
could be hypothesized to be responsible for the disagreement between records from the 
North Atlantic and European sectors  
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6.- Conclusions 
This multiproxy study, based on sedimentological, geochemical and biological 
proxies, of a sedimentary record from Lake Empadadas has been used to investigate the 
linkages among sedimentation processes in a lake, the anthropic use of its catchment and 
decadal climate fluctuations. Multivariate analyses of sediment geochemistry data reveal 
that two main controls have governed the sedimentary infill. The first control reflects 
changes in the lake level, whereas the second is related to the variations in the OM 
accumulation modulated by the anthropic changes in the vegetation of the catchment. In 
this context, the Lake Empadadas record has provided valuable insights into the climatic 
and environmental conditions for the last seven centuries for a North Atlantic region 
lacking sufficient proxy reconstructions despite being located in an ideal sector controlled 
mostly by the large-scale AMO and NAO modes of variability. In particular, the lake is 
located in the vulnerable Azores Archipelago system near the southern center of action of 
the NAO dipole. Despite the contributions of human activities to lake evolution, after a 
detailed understanding of both in-lake and catchment processes, it has been possible to 
identify the climatic forces influencing the dynamics of Lake Empadadas. From changes in 
these two sedimentary controls, five main paleoenvironmental stages have been inferred 
from ca. 1350 AD to the present: (i) intermediate lake levels and very high OM 
accumulation (mainly from vascular plants) linked to wet and warm climate conditions 
dominated by positive AMO phases during the MCA-LIA transition (ca. 1350-1450 AD); 
(ii) lowstand conditions and intermediate OM deposition related to a dry and cold climate 
influenced by negative AMO conditions during the first half of the LIA (ca. 1450-1600 
AD); (iii) intermediate lake levels and high OM accumulation associated with wet and 
warm climate conditions controlled by a positive AMO and a predominantly negative 
NAO during the second half of the LIA (ca. 1600-1850 AD); (iv) the lowest lake level and 
OM sedimentation (from algal origin) under dry and cold conditions associated with 
negative AMO phases during the Industrial Era; and (v) the highest lake levels and low 
algal OM deposition controlled by a wet and very warm climate with very high AMO 
values between ca. 1980 AD and the present. At decadal to centennial scales, the influence 
of the AMO on the lake dynamics plays a larger role than the influence of the NAO 
pattern, which is the main mode of climate variability at the seasonal and interannual time 
scales. Hence, the decadal to centennial climate variability in this region is predominately 
influenced by the AMO and is modulated by the NAO when the AMO influence seems 
lower. We are confident that this result provides a valuable contribution to environmental 
management, especially for sensitive ecosystems, such as these small oceanic islands 
representative of Macaronesia in the North Atlantic region, because the AMO presents a 
longer period and a more predictable evolution than the NAO  
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Figure captions 
Figure 1 - A) Map of the Northeastern Atlantic region. Red star indicates the location of 
Lake Empadadas, and blue circles show the locations of the other records included in this 
study. B) Map of Azores Archipelago, with an aerial image of Lake Empadadas and its 
bathymetry. Each contour line corresponds to one meter of depth. The red circle shows the 
location of Ponta Delgada in São Miguel Island, and the red and yellow stars show the 
locations of Lake Empadadas and the studied core, respectively. The blue circles show the 
location of the other records from the Azores Archipelago. C) September 2011 image of 
Lake Empadadas and its catchment reforested with Cryptomeria japonica  
Figure 2 - Digital image of core EMN11-04 with sedimentary units, facies, thicknesses 
and dates. Black and grey arrows indicate radiocarbon dates and 210Pb CF:CS model limits, 
respectively, in core EMN11-04, and the dates are expressed in calibrated years AD (Table 
1). Note that anthropogenic deposits (disorganized gravels) have been removed from the 
figure  
Figure 3 - Age-depth model based on the AMS 14C dates and 210Pb activity-depth profile 
constructed using the mixed effect regression method (Heegaard et al., 2005). The black 
continuous line represents the age-depth function framed by the grey lines, which 
correspond to the error model. Red crosses represent the 210Pb CF:CS model, red circles 
indicate the AMS 14C radiocarbon dates, and the red triangle denotes the age of the 
volcanic eruption (P17). Note that sediments considered instantaneous deposits (i.e., 
anthropogenic deposits) have been removed from the construction of the age model and are 
represented by the light-grey bands. Corresponding sedimentary units are indicated  
Figure 4 - Main organic proxies (main diatom assemblages, elemental compositions of 
TOC, TOC MAR, TN and TOC/TN ratio) analyzed in the EMN11-04 core. Units, facies 
and dates are indicated in the column  
Figure 5 - Inorganic proxies (selected XRF profiles in thousands of counts per second and 
XRD results as percentages of the total dry weight) analyzed in the EMN11-04 core. Units, 
facies and dates are indicated in the column. Note that the XRF data are plotted with a 
regular spacing of 10 mm to obtain the same spatial resolution of XRD data and to 
facilitate their comparison  
Figure 6 - A) Redundancy Analysis (RDA) biplot for the Lake Empadadas record. Defined 
groups A, B and C are shown. B) Plot of the plane defined by the first two eigenvectors 
(PC1 and PC2) obtained via principal component analysis (PCA) of the normalized 
multiproxy dataset of the Lake Empadadas sediments. In both biplots (A and B), samples 
of each facies are represented by different colors  
Figure 7 - Paleoenvironmental reconstruction based on Lake Empadadas sedimentary 
sequence. (A) Lake level reconstruction derived from the first PCA eigenvector (PC1) 
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(present work). (B) Particulate inputs (rough indicator of the runoff modulated by the 
vegetal cover) derived from the second PCA eigenvector (PC2) (present work). (C) 
Northern Hemisphere proxy-based temperature reconstruction (Mann et al., 2009). (D) 
Instrumental measured temperature (1873-2011) from Ponta Delgada. The black line 
represents annual data, and the red line represents an 11-point moving mean (Cropper and 
Hanna, 2014). (E) Precipitation reconstruction from Lake Caveiro (Pico Island, Azores 
Archipelago) based on the sedimentary record (Björck et al., 2006). (F) Instrumental 
measured precipitation record (1873-2012) from Ponta Delgada. The black line represents 
annual data, and the blue line represents an 11-point moving mean (Hernández et al., 
2016). (G) Combined instrumental (1856-2011), calculated (NOAA data), and proxy-based 
reconstruction (Mann et al., 2009) of the AMO (shaded areas correspond to the proxy-
based reconstruction during the instrumental period). (H) Combined instrumental (1850-
2011), calculated (Cropper et al., 2015), and proxy-based reconstruction (Ortega et al., 
2015) of the NAO (shaded areas correspond to the proxy-based reconstruction during the 
instrumental period). (I) Arboreal vs. non-arboreal pollen records from the sedimentary 
sequence of Lake Azul (São Miguel Island, Azores Archipelago) (Rull et al., 2017). (J) 
Summary of the main chironomid taxa from the Lake Azul record (Raposeiro et al., 2017). 
All data are plotted against age. Grey bands indicate time periods with no data  
Table 1 - Radiocarbon dates and calibrated ages for the EMN11-04 core.  
Table 2: Multiannual Spearman’s rank correlation coefficients during the instrumental 
period (1873-2011; N=51). Grey, regular and bold numbers indicate values at p > 0.05, p < 
0.05 and p < 0.01, respectively. Confidence levels were computed assuming a Gaussian 
distribution of errors. PREi: Precipitation instrumental data from Ponta Delgada 
meteorological station; TEMPi: Temperature instrumental data from Ponta Delgada 
meteorological station; NAOi: North Atlantic Oscillation index values for instrumental 
data obtained from Cropper et al. (2015); and AMOi:. Atlantic Multidecadal Oscillation 
index values for instrumental period obtained from the NOAA database  
Table 3 - Summary of the main paleoenvironmental characteristics for each defined 
paleoclimate stage  
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Sample 
reference 
Lab ID 
Depth 
(cm) 
13C 
(‰) 
Measured Age 
14C 
(years BP) 
Median 
probability 
(cal yrs AD) 
2
(cal yrs 
AD) 
EMN11/04/02-54 Beta-316589 141.5 -25.7 50 ± 30 BP 1892 
1866 - 
1918 
EMN11/04/02-90 Beta-333756 177.5 -26.9 150 ± 30 BP 1785 
1717 - 
1783 
EMN11/04/02-
119.5 
Beta-316590 207 -27.8 390 ± 30 BP 1487 
1441 - 
1523 
EMN11/04/03-23 Beta-316591 236.5 -28.2 630 ± 30 BP 1350 
1337 - 
1398 
 
 
 
 
 
 
Note: 210Pb dates -> CF:CS model, 2 sections: 0-13 cm: 2.0±0.7 cm/y; 13-30 cm: 0.43±0.04 cm/y  
 
Table 1.- Radiocarbon dates and calibrated ages for the EMN11-04 core.  
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N=51 PC1   PC2 PREi TEMPi NAOi AMOi  
PC1 1  
PC2 0.22 1 
PREi 0.51 0.58 1  
TEMPi 0.69 0.47 0.65 1 
NAOi 0.05 -0.02 -0.41 0.15 1  
AMOi 0.43 0.31 0.44 0.52 -0.24 1  
 
Table 2: Multiannual Spearman’s rank correlation coefficients during the 
instrumental period (1873-2011; N=51). Grey, regular and bold numbers 
indicate values at p > 0.05, p < 0.05 and p < 0.01, respectively.   
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Sedimentary 
unit 
Lake water 
level 
Organic 
matter 
accumulation 
Vegetation 
cover 
Humidity 
conditions 
Thermal 
conditions 
AMO 
phase 
NAO 
phase 
Stage 5 
(c. 1980 AD-
Present) 
Unit 5 Highstand Low Trees Wet Very Warm 
Very 
Positive 
Positive 
Stage 4 
(c. 1850 - 
1980 AD) 
Unit 4 Lowstand Very low Trees Dry Cold Negative  Positive 
Stage 3 
(c. 1680 - 
1850 AD) 
Unit 3 Intermediate High Shrubs Wet Warm Negative  Negative 
Stage 2 
(c. 1450 - 
1680 AD) 
Unit 3 Lowstand Intermediate Shrubs Dry Cold Negative Positive  
Stage 1 
(c. 1350 - 
1450 AD) 
Unit 2 Intermediate Very High 
Trees and 
Shrubs 
Wet Warm Positive Neutral 
 
 
Table 3.- Summary of the main paleoenvironmental characteristics for each defined 
paleoclimate stage. 
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Highlights 
 We conduct a multiproxy environmental reconstruction from Azorean lake 
sediments. 
 Lake sedimentation was principally governed by climate variability. 
 Catchment changes controlled by human activities modulated the climate impact. 
 The AMO plays a larger role than the NAO on the lake dynamics at decadal scale. 
 The NAO is the main mode influencing the lake variability at subdecadal scales.  
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